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Abstract
TOTAL conducts the first French pilot to demonstrate the technical feasibility and reliability of an integrated CO2 capture, 
transportation, injection and storage scheme from a boiler at a 1/10th reduced scale of an industrial project. 
This pilot entails the conversion of an existing steam boiler into an oxy-fuel combustion unit, oxygen being used for combustion 
rather than air to obtain a more concentrated CO2 stream easier to capture. Then, CO2 stream is compressed and conveyed via 
pipeline to the Rousse depleted gas field, 30 kilometers away, where it is injected into a deep carbonate reservoir. CO2 injection 
has started early 2010 as all the proper official authorizations have been given. Those authorizations concern two years of 
injection and three years of post injection observation
An appropriate monitoring plan was designed to check the integrity of the site, to compare the CO2 behavior as it is planned and 
to get information to calibrate tools and models.
This paper details the monitoring program: continuous measurements through permanent sensors, such as microseismicity or 
reservoir behavior with pressure and temperature data, and periodic surveys mainly for environmental purposes such as the 
groundwater quality and the surface water quality within the injection site catchment area and the fauna and the flora 
biodiversity.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
1.1. Context
TOTAL conducts the first French CO2 Capture Storage pilot in the South-West of France to demonstrate the 
technical feasibility of an integrated CO2 capture, transportation, injection and storage scheme (Figure 1). It entails
the conversion of a steam boiler into an oxy-fuel combustion unit, oxygen being used for combustion rather than air 
to obtain a more concentrated CO2 stream. The CO2 is treated, dehydrated, compressed up to 27 bars and conveyed 
as a gas phase via an existing pipeline to the depleted gas field of Rousse, 30 kilometres away where it is
compressed and injected since January 2010 into the deep depleted reservoir of the Mano Dolomite formation at 
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4500m below ground level. The storage site of Rousse is a depleted gas field located in a rural and non populated 
area, five kilometres to the South of the town of Pau and its suburbs (around 150,000 inhabitants).
Figure 1: Lacq CCS pilote location (right) and general scheme (left)
The existing 30 km pipeline has been used for the past 40 years to export natural gas produced from the Rousse 
field to the plant of Lacq. In the conditions of the transportation, 27 bar and 30°C, the CO2 is conveyed in gas phase. 
Downstream the Rousse compressor, at the well head, the CO2 is also in gas phase because the temperature is 
between 60 and 100°C and the pressure around 60 bars. The fluid remains in gas phase along the well providing 
then a low fluid density all along the well. At the end of the injection (T= 150°C, P=80bars) the gas will be dense 
phase within the reservoir.
The main objectives of the Lacq CCS pilot are:
- To demonstrate the technical feasibility and reliability of an integrated CO2 capture, transportation, 
injection and storage scheme for steam production at a reduced scale, typically 1/10th of future larger 
scale facilities, but within industrial facilities 
- To design and operate a 30MWth oxycombustion retrofitted boiler for CO2 capture in order to confirm 
the following targets of:
 50% reduction of capture cost compared to classical post-capture technologies
 50% reduction of overall direct and indirect CO2 emissions if indirect emissions are not 
captured;
- To develop and apply geological storage qualification methodologies, monitoring and verification 
techniques on a real operational case to prepare future larger scale long term storage projects.
1.2. Description of the CO2 storage of Rousse
From a geological view, the small depleted gas field of Rousse is a deep isolated Jurassic horst drapped and 
overlaid by a very thick Campanian to Eocene series of marls, shale and silts, namely “Flysch”, deposited within the 
Pyrenean foredeep basin (Figure 2). The gas field have been drilled and produced by two wells: Rousse -1 and 
Rousse -3. It consists of two superimposed but dynamically disconnected Upper Jurassic reservoirs: the upper Mano 
Dolomite that have been drilled and produced by well Rousse- 1, and the lower Meillon Dolomite still produced by 
well Rousse-3. 
The CO2 is injected into the upper reservoir of the Mano Dolomite formation lying @ 4500m/GL (-4200m/MSL). 
This Mano Dolomite reservoir that is the storage reservoir had been drilled and produced for more than 30 years by 
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completion and equipped with pressure and temperature sensors and microseismic sensors. There is no other 
observatory well.
The initial Mano reservoir pressure and temperature were 485 bars and 150°C @ 4500m. At the end of the 
production in August 2008, the reservoir is largely depleted with an average down hole pressure of 30 bars. The 
reservoir pressure at the end of the planned CO2 injection is expected to stay significantly below the initial pressure,
at around 100 bars. The initial wet gas contained 4.6% of CO2 and 0.8% of H2S. 
Figure 2 : N-S geological cross-section through the Rousse gas field showing in blue the Jurassic horsts, in red the Mano Dolomite reservoir 
and in green and orange the thick Upper Cretaceous and Tertiary “Flysch” deep basin deposits.
1.3. Permitting process
The permitting process had been a long process from early 2007 until the beginning of the injection in January 
2010. 
Public information meetings had been held since the start of the project early 2007 and a public consultation and 
dialogue phase had been organized in November 2007. That led to the creation of a permanent local information and 
surveillance commission (CLIS) in April 2008, which still regularly meets.
In the same time, official authorizations were asked with the providing of complete reports on surface and 
subsurface aspects (year 2008). During summer 2008, the project had been through two months of official public 
hearings. In May 2009, the capture, transport and storage project was officially permitted for TOTAL Exploration 
Production France to operate the pilot for a maximum 120,000 tons injection in two years, and three years of post 
injection. At the end of those five years, a new process for CO2 storage authorization is needed. 
The oxycombustion began in July 2009 and the injection through the well Rousse-1 began in January 2010. Early 
September 2010, the quantity of CO2 injected is less than 10,000 tons due to operational problems with the 
compressor at the Lacq plant, upstream of the transportation. The monitoring began in early 2008 with the baseline
surveys.
2. General design of the monitoring
2.1. Objectives of the monitoring
The monitoring program was designed accordingly to the specific configuration of the storage site (for example 
the high reservoir depth) to provide key information and data on the reservoir, the injection well, the deep 
subsurface, the surface and near surface. Several aspects of the program are stipulated by the official authorization 
of the French Administration given on May 2009 for a 5 year period: 2 years of injection and 3 years of post-
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injection observation [1]. At the end of this period, as a new permitting procedure will be necessary to have the 
authorization for a permanent storage of the injected CO2 where monitoring program technically and economically
will be designed based on the lessons learned from the previous 5 years and from R&D projects results if so.
The objectives of the program are: to confirm that the gas remains confined within the reservoir (that there is no 
leak upward out of the reservoir through the well, through the cap rock, to the groundwater resources and to the 
surface and no impact to biosphere and human health),  to measure the flow rate and injected gas composition, to 
follow the well performance, to check that the CO2 behavior is as modeled by the reservoir simulation and to get 
information to calibrate the tools and to update the predictive models (especially the reservoir model and the 
pressure losses model).
2.2. Monitored parameters
The following parameters are monitored (Figure 3):
1. CO2 stream composition, concentration and flow;
2. CO2 atmospheric concentrations at the injection well pad;
3. Well annulus pressure;
4. Pressure and temperature along the injection well;
5. Reservoir pressure and temperature;
6. Reservoir and cap rock integrity (microseismic monitoring);
7. Soil gas concentration and fluxes;
8. Groundwater quality;
9. Surface water quality;
10. Fauna and flora (biodiversity of the ecosystems).
Figure 3: General scheme of the Rousse monitoring system
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The reservoir integrity and the reservoir behavior are monitored through P and T measurements (5) and 
microseismic (6). Information about the well performance and the well integrity are given by monitoring P and T 
along the well (4) and by the well annulus pressure measurements (3).  The environmental parameters (7 to 10) 
gathered through seasonally surveys and the measurement of atmospheric CO2 (2) allow to confirm there is no 
leakage and no impact to surface, biosphere, human health and water resources. 
Parameters 1 to 6 are permanently monitored by sensors delivering continuous measurements recorded and saved 
through a Centralized Numerical System. 
2.3. Environmental and seismic baselines
An environmental baseline (soil gas, aquifers and ecosystems) was acquired before injection, from autumn 2008 
to autumn 2009 during four seasonal surveys. A seismic baseline monitoring (natural Pyrenean earthquakes and 
induced seismicity) where acquired from March 2009 up to the beginning of the injection.
3. Description of the monitoring program
3.1. CO2 stream composition and flow monitoring
The composition and concentration of the flue gas (CO2 rich stream) is monitored after dehydration at the 
transportation pipe inlet. Oxygen, Nitrogen, Argon and hydrocarbon concentrations are quantified by 
chromatography in gas phase (flame photometric detector). Carbon oxide and nitrogen oxides are quantified by IR 
spectrometer. Water content is measured with a hygrometer. The CO2 concentration is finally deduced from the 
previous analyses. The fuel is a commercial gas without sulfur. The flue gas at the transportation pipe inlet contains
mainly CO2 (between 86 and 95 %), residual nitrogen, argon, NOx and excess oxygen. The composition varies 
accordingly to the oxygen purity delivered by the ASU (Air Separation Unit).
The CO2 flow is measured with a Coriolis force mass meter located at the well head just downstream the Rousse 
compressor. The nominal flow is around 85 000 Sm3/day or 160 tons per day.
3.2. CO2 atmospheric concentration at the Rousse well pad
Several permanent gas sensors are located around the well head within the well pad in order to detect any
anomalous CO2 concentration that could correspond to a leakage. There are also others sensors specific to H2S and 
CH4 because of the initial gas composition of the storage reservoir. It is a classical system for oil and gas production 
sites which is not specific to CO2 storage.
3.3. Well annulus pressure monitoring 
The annulus pressure monitoring at the Rousse well head is also a classical system used for production or 
injection wells control. Pressure of the casing fluid are permanently recorded in the different annulii. Any pressure 
change could correspond to a leakage through the tubing or a casing.
3.4. Pressure and temperature monitoring 
The injection well is equipped with a fiber optic cable with two pressure and temperature sensors. The upper one 
is located, 1200m above the top of the reservoir, at 3300m/GL. The second one is 150m above the top of the 
reservoir, at 4400m/GL. The CO2 pressure and temperature are also monitored at the well head.
A continuous pressure and temperature monitoring is consequently performed at three locations in the wellbore.
The undisturbed formation temperature profile of 2.8°C /100 m when the injection does not occur has been precisely 
calculated. During the injection, temperature and pressure profiles along the well, from the surface to the top 
reservoir can be calculated. The data are used for the pressure transient analyses and the reservoir simulation follow 
up and for calibrating the velocity pressure losses model.
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Due to the parameters of the injection (relatively low flow rate and well head temperature relatively high -
between 45 and 55°C) the temperature of the reservoir calculated from the lower sensor data is only 2-4 °C less than 
the initial one. The pressure measurement shows that there is neither injectivity improvement nor injectivity loss up 
to now.
Additional P and T sensors are planned to be put down in the well at around 1300m and 2300m during the 
coming well workover (autumn 2010). The goal of the workover is to change the down hole microseismic sensor 
system that are out of order (see below).
3.5. Passive microseismic monitoring
The objective of the microseismic monitoring system is to enable to identify the mechanical effect of the 
injection on the reservoir and the cap rock that could affect the integrity of the storage. The system consists of seven 
microseismic sensor arrays located in 7 shallow wells (200m deep) and three microseismic sensors installed along 
an optical fiber cable in the injection well, between 4200 and 4400 m (150m to 350m above the storage reservoir). 
Six of the shallow wells are located on a 2km radius circle around the injector and the seventh one is located at the
Rousse well pad. A seismometer located at surface, near one of the shallow well, detects and records the natural 
earthquakes. Shallow wells sensors are operational since March 2009 allowing nine month of a baseline survey. 
During this span of time, mainly natural seismic events due to the deep tectonic activity of the Pyrenean mountain 
range has been recorded. Since March 2009 and consequently since the beginning of the injection, no microseismic 
activity internal to Rousse has been detected. The signal acquisition and processing procedures allow having online 
and continuous seismic information. Any internal microseismic event possibly induced by the injection is
consequently detected very quickly. If any problem or anomalous behavior of the reservoir and of the cap rock of  
the storage site is detected appropriate action of mitigation could be rapidly launched. The performance of the 
system is quite accurate: the detected magnitude is around -2 (corresponding to a 0.05 mm displacement for a 1m 
length fault) and the localization uncertainty is less than +/- 250 m for any microseismic events.
The optical fiber is, at this time, unfortunately out of order in the borehole just above the lowest seismic array. A 
well workover is planned autumn 2010 in order to replace the down hole micro-seismic arrays. In the same time two 
additional P and T sensor will be installed.
3.6. Soil gas monitoring
The soil gas monitoring consists in measuring at 35 different surface locations around the injection site: firstly,
the CO2 and CH4 concentration at1m below the ground surface and, secondly, the CO2 and CH4 flux at the soil-
atmosphere interface. The 35 locations were selected during the pre-injection baseline survey (September and 
December 2008, March, June, September and December 2009).
The data collected during the baseline survey show a large heterogeneity between the different locations.
However, clear seasonal variations were observed corresponding to the intensity of the biological activity of the soil 
(high in summer and low in winter): The CO2 concentrations vary from 0.04 – 7% in winter up to 12 -16% in 











(average around 10). Neither CH4 flux nor concentration was measured at any location. The 13C
CO2 isotopic data that were measured (around -24 %0 13C PDB) demonstrate that the CO2 in the soil has not a deep 
subsurface origin.
The soil gas concentrations and fluxed are measured during the injection period (five year from the beginning of 
the injection) every six months, in winter and in autumn where the biological activity is minimal.
3.7. Groundwater monitoring
The four aquifers present above the deep storage reservoir are monitored. They are from top to bottom:
- The perched phreatic aquifer in the Miocene molasses deposits that outcrop in the vicinity of the 
injection site. This potable water resource has only a local use (wells in gardens, fountains);
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- The two shallow regional potable aquifers (the alluvial deposits aquifer - “Nappe alluviale du Gave de 
Pau » and the aquifer of the Eocene pre-molasses sands - «sables infra-molassique ») both produced for 
the potable water supply of the city of Pau (150,000 inhabitants);
- The deep saline aquifer of the Lower Paleocene limestone which is the first reservoir above the 
confining zone. It lies at around 2000m below the surface.
The perched aquifer is monitored at four natural springs in the vicinity of the injection site. The two other potable 
aquifers and the deep aquifer are monitored by existing water production wells located around Rousse (3 wells per
aquifer).
The monitoring of the groundwater consists in following the water chemistry and mineral content by analyzing 
every six month different parameters to be able to detect changes in water quality that could be linked to the effect 
of a CO2 leakage from the reservoir storage. Four parameters (pH, Conductivity, carbonates and bicarbonates 
concentration) have been chosen as indicators. The results of the semestral analyses of the indicators are compared 
to the reference data base elaborated during the 2009 pre-injection baseline (four surveys: spring, summer, autumn 
and winter 2009) and from the available historical data in order to evaluate if they are within the reference trend.
3.8. Surface water monitoring
The monitoring of the surface water consists in controlling every six months (in spring and in autumn) two 
standardized bioindicators (French standardized diatom index – IBD, and French standardized benthic invertebrate 
index - IBGN) and the water chemistry and mineral content indicators (pH, Conductivity, carbonates and 
bicarbonates concentration) at three locations of the brook “Arribeu” that drains the area of the Rousse site. The 
objective is to enable to detect changes in the surface water quality within the catchment area that could be linked to 
the effect of a CO2 leakage from the reservoir storage. Two other locations on two other brooks are used as distant 
references. 
The results of the bi-annual analyses of the two indicators are compared to the reference data base elaborated 
during the 2009 pre-injection baseline (two surveys: spring and autumn 2009).
3.9. Fauna and flora monitoring
The biodiversity of the ecosystems around Rousse will be controlled every year during the 5 years after the 
beginning of the injection. This environmental monitoring is based on an annual inventory of:
- The flora of representative ecosystems at 33 places around Rousse;
- Several amphibian and insects species at 50 places around Rousse.
The objective is to enable to detect changes that could be linked to the effect of a CO2 leakage from the reservoir 
storage.
4. R&D actions
In parallel to the operational monitoring program, additional R&D actions have been launched on methodologies 
and environmental indicators and thresholds.
One of those is the research project “Sentinelle” supported by the French Research Agency, ANR [2]. It has two 
objectives. The first one is to determine for a given site the different gas sources, with respect to geosphere 
biosphere and atmosphere, and to quantify the gas exchange and flux between these different compartments. The 
Rousse site has been chosen to acquire data on gas contents and flux in the different compartments of the near 
subsurface, the biosphere and the atmosphere. The second objective is to propose a methodology for 3D survey 
(with 0<x<10 km; 0<y<10 km; -0.1<z<10 km) of a CO2 storage site.
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5. Conclusions
The Lacq CCS pilot is a unique challenging project as it integrates both capture facilities with CO2 compression, 
transportation, injection and storage into an onshore gas depleted reservoir. It has required not only strong 
engineering and subsurface studies and R&D efforts but an open dialogue with the French Administration as well as 
a transparent dialogue with the public and local, national and international stakeholders.
Even if the risk of a CO2 leakage out of the reservoir is very low due to the geological configuration of the 
storage (very deep reservoir, presence of a thick and proven cap rock, maximal final pressure far below the initial 
pressure, small amount of CO2 injected in two years compared to the capacity of the storage) the monitoring 
program deployed at Rousse for the 5 coming years, on the basis of the Total qualification studies and taking 
account the requirement of the Administration, is a very complete and unique program. One of the R&D challenges 
for the coming five years is to define what are the parameters, the methods and the tools for an optimal long term 
monitoring program economically and technically viable.
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